Mid-Jurassic pyritic coals exposed at the village of Brora, northern Scotland, UK, contain a marked enrichment of tellurium (Te) relative to crustal mean, average world coal compositions and British Isles Carboniferous coals. The Te content of Brora coal pyrite is more than one order of magnitude higher than in sampled pyrite of Carboniferous coals. The Te enrichment coincides with selenium (Se) and mercury (Hg) enrichment in the rims of pyrite, and Se/Te is much lower than in pyrites of Carboniferous coals. Initial pyrite formation is attributed to early burial (syn-diagenesis), with incorporation of Te, Se, Hg and lead (Pb) during later pyrite formation. The source of Te may have been a local hydrothermal system which was responsible for alluvial gold (Au) in the region, with some Au in Brora headwaters occurring as tellurides. Anomalous Te is not ubiquitous in coal, but may occur locally, and is detectable by laser ablation inductively coupled plasma-mass spectrometry (LA-ICP-MS).
Introduction
Due to its low abundance in the Earth's crust (2 µg·kg −1 ) [1] and analytical limitations for low detection, tellurium (Te) is seldom recognised in many geological settings. Tellurium is typically associated with deep marine ferromanganese crusts [2] [3] [4] and as such has been considered as a target for deep sea mining operations. However, Te has been previously suggested to concentrate in low-temperature sedimentary environments, controlled by redox variations and forming inclusions in sulphide minerals and red bed successions [5, 6] . This suggests that Te may locally concentrate across sediments. Due to the aforementioned analytical limitations, there are few published Te values in coal deposits, with virtually all Te previously measured in coal in fly ash [7] [8] [9] [10] , and average world concentration estimates achieved by fraction calculation from chemically-similar selenium (Se) abundance [11] . High Te concentrations in coal may be both an important environmental concern and an economic opportunity. For instance, Te in exposed coal seams, historic coal mining sites and associated tailings may pose a source of contamination, resulting in potentially toxic levels and a risk to soils, surface and groundwater systems. Tellurium is considered a contaminant in many ore refinery systems [12] , and is classified as a toxic trace element in high concentrations [13] [14] [15] [16] , particularly in the form of tellurite [11, 12] . The global trend in environmental awareness and need for low carbon energy sources has also led to an increasing interest in Te, essential in future green energy technologies [17] [18] [19] [20] [21] , e.g., cadmium (Cd) telluride solar cells [22, 23] . Therefore, accurate recognition of Te concentrations in coal is critical for a suitable assessment of coal as a potential Te host. This study reports the rare occurrence of elevated Te in pyritic banded Jurassic coals of Brora (northern Scotland), recognised by (northern Scotland), recognised by laser ablation inductively coupled plasma-mass spectrometry (LA-ICP-MS) methods. Results highlight the potential for concentrated Te in similar pyritic coals, and improved methods of Te detection in coals.
Geological Setting
Jurassic to Triassic sediments outcrop over a narrow coastal strip around the town of Brora in Sutherland, Inner Moray Firth, northern Scotland (Figure 1a ). The Brora Coal Formation forms part of the interbedded Fladen Group (Mid Jurassic-Bathonian to Callovian in age; Figure 1b [24] [25] [26] [27] ). The Brora Coal Formation consists of heterolithic units of interbedded sandstones, mudstones and coals, lying between the Orrin Formation and the Beatrice Formation in the Inner Moray Firth [27] . The lower part of the Brora Coal Formation is cut by the Brora Fault [27] . The formation consists of two members: the Doll Member and overlying Inverbrora Member [28] . Sandstone units grade upwards into bioturbated mudstones and coaly zones at the top of the formation (the Brora Coal Unit). The coal is approximately 1 m thick, pyritic and blocky, with dull laminated bands [26] , and also occurs as thin bands within mudstone units of varying proportions. The formation is interpreted as a product of coastal, alluvial and floodplain deposits [25, 29, 30] , with Brora coal accumulating drifted plant material in a back-barrier silted-up lagoonal area. The Brora Coal Unit represents the onset of early Callovian transgression [26, 31] . The region is well known for alluvial gold (Au) localities ( Figure 1 ), with bedrock mineralisation ~25 km west of the town of Brora [32, 33] . [27, 34] ; and (b) lithostratigraphy of the Brora Coal Formation [27] . Historic alluvial Au localities and region of auriferous river bank deposits also shown [32, 33] .
Materials and Methods
The Te and associated trace element content of whole rock Brora coal was determined as part of a suite of 51 elements using ICP-MS (Agilent, Santa Clara, CA, USA) techniques at ALS Minerals (Loughrea, Ireland). Samples were milled and homogenised, and 0.25 g was digested with aqua regia in a graphite heating block. The residue was diluted with deionised water, mixed and analysed using a Varian 725 instrument (Method code: ME-MS41). Results were corrected for spectral inter-element interferences. Measurement of four standards fell within pre-defined targets, and duplicate analyses for blanks, standards and repeat samples were all within 1% of each other. For LA-ICP-MS mapping, transecting and quantification of pyrite in Brora coal, trace element analysis was performed using a New Wave Research laser ablation system UP 213 nm coupled to an ICP-MS Agilent 7900. Sample [27, 34] ; and (b) lithostratigraphy of the Brora Coal Formation [27] . Historic alluvial Au localities and region of auriferous river bank deposits also shown [32, 33] .
The Te and associated trace element content of whole rock Brora coal was determined as part of a suite of 51 elements using ICP-MS (Agilent, Santa Clara, CA, USA) techniques at ALS Minerals (Loughrea, Ireland). Samples were milled and homogenised, and 0.25 g was digested with aqua regia in a graphite heating block. The residue was diluted with deionised water, mixed and analysed using a Varian 725 instrument (Method code: ME-MS41). Results were corrected for spectral inter-element interferences. Measurement of four standards fell within pre-defined targets, and duplicate analyses for blanks, standards and repeat samples were all within 1% of each other. For LA-ICP-MS mapping, transecting and quantification of pyrite in Brora coal, trace element analysis was performed using a New Wave Research laser ablation system UP 213 nm coupled to an ICP-MS Agilent 7900. Sample mapping was performed at a 10 Hz repetition rate, a spot size of 100 µm and an ablation speed of 50 µm·s −1 . Each ablation was preceded by 15 s warm up, with a delay of 15 s applied between each ablation. The following isotopes were monitored (dwell time): 57 Fe (0.001 s), 65 Cu (0.001 s) 75 
Results
Brora coals show a dark brown to dull black lustre, are soft and break up easily, typical of subbituminous ranking coals. Brora coals host pyrite, both as sporadic isolated, framboidal pyrite, and more typically in continuous bands. Coal whole rock Te concentrations are 0.04-0.11 ppm, higher than the world average coal content of 0.015 ppm (estimated average [11] ) and average continental crust value of 0.002 ppm [1] . Brora coal whole rock sulphur (S) content is high (7.2-7.8%). Here, high S content is defined as >1.3%, the cut-off value for the S content of coals acceptable for local power generation [35] . Despite elevated Te compared to the world coal average, chemically-associated Se content is 2.1-3.2 ppm, consistent with world average Se coal content of 1.6-3 ppm [36] [37] [38] and British Carboniferous Se coal content [36, 38, 39] . Whole rock silver (Ag) content is low (0.03-0.06 ppm compared to world coal average of 0.09 ppm [38] ), and Au is below level of detection (0.2 ppm). Lead (Pb) is higher than the world coal average (17.2-35.1 ppm compared to world average 7.8 ppm [40] ), as is copper (Cu) (17.9-28.4 ppm compared to world average 16 ppm [40] ).
The pyritic phase of sampled Brora coal is shown in LA-ICP-MS maps and line transect plots by elevated Fe content, forming a vertical band through the centre of the map and the main peak in plots (Figures 2-6 ). All trace elements concentrate higher in the pyritic band compared to the coal matrix, with higher relative abundance indicated by background corrected signal intensities (CPS axis) compared to the coal matrix. LA-ICP-MS mapping indicates Te content of up to 6 ppm towards the edges of the pyrite, with an overall Te pyrite content of 1.8-2.9 ppm (Table 1; comparative Carboniferous coal pyrite data also shown). Figure 2 also shows Cu concentrations of 1000 ppm in areas of the centre of pyrite, more typically up to 100 ppm, with an overall average of 126 ppm Cu in pyrite. Arsenic is higher in the centre of the pyrite, with an overall pyrite average of 37.1 ppm. Se averages 18 ppm in pyrite (n = 3), and higher concentrations are more associated with the inner rim of pyrite, coinciding with higher Te concentrations. Mercury (Hg) and Pb are also higher at the edge of pyrite, with an average Hg content of 5.1 ppm in pyrite, and Pb average of 242.7 ppm. High concentrations of Te and Se are reflected in the line transect plots (Figures 3 and 4) , showing high peaks coinciding with the edge of the pyrite. 
Discussion

Tellurium in Brora Coal
LA-ICP-MS methods show Te and other trace element enrichment in band-hosted pyrite. This indicates that sulphide minerals concentrate trace elements in Brora coals, with Te substituting for S. Measured Te content of Jurassic Brora coal pyrite is more than one order of magnitude higher than pyrites of British and Irish Carboniferous coals (Figures 6 and 7 ; Table 1) . Brora coal pyrite also shows a closer relationship between Te and Se compared to the analysed Carboniferous coal pyrite suite, based on LA-ICP-MS line transects (Figure 7) , maps and the calculated Se/Te ratio (Table 1) . Unlike pyrite in Brora coals, pyritic phases in Carboniferous coals do not show elevated Te content (Figure 7) .
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Discussion
Tellurium in Brora Coal
LA-ICP-MS methods show Te and other trace element enrichment in band-hosted pyrite. This indicates that sulphide minerals concentrate trace elements in Brora coals, with Te substituting for S. Measured Te content of Jurassic Brora coal pyrite is more than one order of magnitude higher than pyrites of British and Irish Carboniferous coals (Figures 6 and 7 ; Table 1) . Brora coal pyrite also shows a closer relationship between Te and Se compared to the analysed Carboniferous coal pyrite suite, based on LA-ICP-MS line transects (Figure 7) , maps and the calculated Se/Te ratio ( Table 1 ). Unlike pyrite in Brora coals, pyritic phases in Carboniferous coals do not show elevated Te content (Figure 7 ). Pyrite may have formed by microbial sulphate reduction in coal, contributing to trace element accumulation. Framboidal pyrite has also been observed in Brora coals, indicative of a microbial origin [41, 42] . Initial pyrite formation can therefore be attributed to early burial (syn-diagenesis), where marine sulphate is available for microbial sulphate reduction. Based on a subbituminous to bituminous coal ranking, temperatures of coalification likely range 100-150 • C for Brora coal, suggesting low-temperature (<150 • C) pyrite formation [42, 43] . The LA-ICP-MS maps indicate discrete pyrite phases within coal bands, evident by the Fe map (Figure 3) . The Te map mirrors that of Se and Hg, with these three elements concentrating in higher abundances at the edges of the larger pyrite phases. By contrast, As and Cu concentrate in the middle of the pyrite phases. Lead concentrates in some instances in the rim, particularly in Te-rich areas, and in other instances in the centre of the pyrite. These observations suggest that Fe, As, Cu and Pb were incorporated into pyrite in the early stages of pyrite formation, with higher concentrations of Te, Se, Hg and more Pb in later pyrite formation, resulting in a rim enriched in these elements. Concentrated areas of Te and Se enrichment may suggest the presence of micro-inclusions of native elemental Te and Se, tellurides and/or selenides, which can also contain Hg and Pb.
Tellurium Source
The anomalous coal Te content of pyrite in Brora Jurassic coals compared to the British and Irish Carboniferous coals suggests a spatial or temporal Te anomaly. The occurrence of high Te content in pyrite rims also suggest that Te (and other elements such as Se and Hg) formed after the initial onset of pyrite formation by conventional trace element sequestration. High Te in metasedimentary environments have been previously attributed to a magmatic origin and temperatures up to 400 • C [40] , or melting of Te-rich oceanic sediments [44] [45] [46] . Potential sources of Te in Brora and the surrounding regions of western Sutherland include Helmsdale Granite (Silurian-Early Devonian) and Old Red Sandstone (Devonian). Alluvial Au deposits are well known in eastern Sutherland, and Au has been identified in the River Brora headwaters near to the town of Brora at the Moray Firth [33, 34] . Although no Au has been identified in Brora coals, some Au in Brora headwaters occurs as tellurides, and the close affinity between Te and Au [5, 42, [44] [45] [46] [47] [48] may point towards a common source. Breccias host pyritic mineralisation (Figure 1a ), with previous fluid inclusion studies suggesting a trapping temperature for Au-mineralising hydrothermal fluid of 170-240 • C, indicative of the upper part of the feeder zone to an exhalative hydrothermal system [33] . High-level hydrothermal system feeder zones, similar to the Rhynie Devonian hot-spring locality in Aberdeenshire, are suggested as a potential source for the alluvial Au localities near Helmsdale, and thus may also provide a source for Te and other trace elements to Brora coal. The Brora Coal Formation is cut by the Brora Fault [27] , which may have provided a fluid flow pathway for Te and other trace elements from a hydrothermal system.
Implications
Anomalous Te is seldom observed in coal deposits due to low crustal abundance and limited methods of detection [7] [8] [9] [10] . While Te in pyritic coal may not be ubiquitous, as evident by the low Te content of pyritic British and Irish Carboniferous coals, Te enrichment is detectable on a microscopic scale by LA-ICP-MS methods. The identification of anomalous Te in coal is also important as enrichment factors of Te are high in airborne particulate matter [49] . Tellurium should therefore be considered in a wider context for coals affected by later trace element enrichment. The presence of previously reported alluvial Au [33] , and the identification of anomalous Te in Brora pyritic bands, suggest that Jurassic coals of Brora and sediments in the eastern Sutherland region may contain locally anomalous trace element concentrations. Although Au has not been identified in Brora coals, other local sediments may also host anomalous Te, and possibly Au. Deep pre-glacial weathering and local faulting provide a means of trace element distribution and fluid flow pathways in the region, possibly resulting in a wider spread distribution of trace elements associated with local trace element sources.
Conclusions
Jurassic coals exposed at the town of Brora in northern Scotland contain pyritic bands with anomalous Te content, recognised by LA-ICP-MS methods. Whole rock Brora coal shows Te enrichment compared to estimates of world average Te coal compositions, but more significant Te enrichment occurs in the rims of discrete pyrite phases. Anomalous Te coincides with Se and Hg in the pyritic rim, suggesting incorporation of these elements during the later stages of pyrite formation. Anomalous Te may have been sourced locally from the feeder zone to an analogous epithermal system. This study shows that Te may accumulate locally in pyritic coals, detectable by LA-ICP-MS methods.
